Summary. Studies were carried out in anesthetized dogs to investigate the renal clearance of norepinephrine (NE) and to determine the origin of this amine in the urine. Infused radioactive NE was cleared from plasma at a rate averaging 63.8% of the glomerular filtration rate. NE was shown to be freely filterable, and evidence has been presented which suggests but does not prove that the amine is partially reabsorbed from the glomerular filtrate; metabolism of NE in the tubular fluid by catechol-o-methyl transferase has not been excluded. The clearance of this catecholamine was not affected by changes in urine pH or flow. Total chronic denervation of one kidney was shown to have no effect on the rate of excretion of endogenous NE. Therefore, the NE that is excreted in the urine would appear to be solely derived from the catecholamines in circulating blood.
Introduction
Measurement of the rate of norepinephrine excretion has been employed extensively as an index of generalized sympathetic activity by a number of investigators (1) (2) (3) (4) (5) (6) . Despite widespread usage of the measurement in this context, there is little detailed information available regarding the mechanism of excretion of this neurotransmitter hormone in mammalian species. Observations on the fate of NE injected into the circulating blood have indicated that only a small fraction of the material appears unaltered in the urine (6) (7) (8) , and an even smaller fraction of NE secreted from nerve terminals escapes metabolism and appears unchanged in the urine (8) . In addition, although the kidney apparently can clear this amine from the circulating blood, the major source of urinary NE is not known: there is no information about the relative contributions of NE derived from the blood and of material secreted from sympathetic nerves in the substance of the kidney.
Previous studies on the excretion of weak acids and bases have indicated the importance of the hydrogen ion concentration of tubular urine in regulating the rate of excretion of these substances (9) . Since NE is a diffusible phenolic amine, it seemed likely that its excretion rate also might be determined by this hydrogen ion effect. Defining the influence of urinary pH on the excretion of this amine is important because changes in urinary acidity could invalidate the use of NE excretion rates as a quantitative method of assessing sympathetic activity. Some earlier investigations on the excretion of catechol-and indoleamines have been performed in the chicken; these have indicated a renal tubular secretion of both NE (10) and 5-hydroxytryptamine (11) in this species. The normal rate of NE excretion (6) and its concentration in normal plasma in either man or the dog (12) (13) (14) would appear to make the operation of net tubular secretion unlikely in these species. To determine whether net tubular secretion occurs, we measured the renal clearance of trace amounts of radioactive NE in the dog; we also studied the effect of changing urinary pH on this clearance. In addition, we investigated the excretion of endogenous NE after chronic unilateral denervation of the kidney to determine whether neurotransmitter released locally from renal nerves contributes significantly to the material present in the urine.
Methods
In the clearance experiments 13 female dogs, weighing 14.0 to 22.8 kg, were studied, 6 control and 7 premedicated 14 hours before with the monoamine oxidase inhibitor, 1-phenyl-2-hydrazinopropane hydrochloride (Catron),' in a dose of 5.0 mg per kg. The dogs were anesthetized with pentobarbital; 30 mg per kg was administered intravenously initially, followed by doses sufficient to maintain light anesthesia. Glomerular filtration rate was measured from the clearance of administered creatinine in 12 animals and of inulin in 1 animal. Renal plasma flow was estimated from the clearance of para-aminohippuric acid (PAH) in 6 animals (Table I, (19) . Creatinine, inulin, and PAH were measured colorimetrically in trichloroacetic acid extracts of plasma and urine (20) (21) (22) . Standard methods of statistical analysis were used in these studies (23) .
Results
Renal clearance of NE. The renal clearance of NE-3H was found to be less than the clearance of creatinine in all experiments. A representative experiment ( Figure 1 ) demonstrates results typical of those obtained in these studies. The clearance of NE-3H ranged from 29.5 to 42.5 ml per minute compared to the clearance of creatinine, which ranged from 64.2 to 68.6 ml per minute. nitol infusion is reproduced (Figure 3 ). Urine flows were increased from 1.75 to 15.9 ml per minute by mannitol, and no consistent change in clearance of NE-8H or FFE was found.
Similar clearance experiments were performed in 7 dogs in which monoamine oxidase had been inhibited by pretreatment with Catron (Table II) . The clearances of NE-5H and of the FFE were not increased in these monoamine oxidase inhibited dogs. In acidic urine, the average clearances of NE-3H and the FFE, 33.3 ml per minute and 59.1%o, respectively, were not significantly different from values observed in control animals given in Table I . In alkaline urine, the average clearances of NE-8H and the FFE, 27.5 ml per minute and 51.3%o, respectively, did not differ significantly from values observed in acidic urine.
The effectiveness of monoamine oxidase inhibition, in the dose of inhibitor used in these studies, was demonstrated by a striking increase of tyramine 485 Endogenous NE excretion rates in the 6 renal denervated dogs showed no consistent differences between the control and the denervated kidney (Table III) . In fact the mean NE excretion, calculated by averaging the 3 control periods in all 6 experiments, was identical, 0.17 /g per hour.
During the infusion of tyramine, at both 10 and 20 /Ag per kg per minute, there was a striking increase in NE excretion from both kidneys. The rate of excretion remained essentially equal from the innervated and denervated sides, averaging, respectively, 0.33 and 0.34 pg per hour at the lower dose of tyramine and 0.70 and 0.66 Mug per hour at the higher dose. In one experiment a difference of NE excretion was noted in all 3 control periods (dog 1). However, NE excretion was virtually identical in this experiment during tyramine infusion. The results of similar studies in 4 unoperated dogs (Table III) showed that in these animals there was also equality in the NE excretion between the right and left kidneys. This was true both during the control periods and during tyramine infusion.
Epinephrine excretion was equal in the two kidneys whether or not the innervation to the left kidney was preserved. During the control periods the excretion rates for epinephrine averaged 0.06 and 0.08 Mug per hour from the left and right kidneys, respectively, in the dogs with denervated left kidneys and 0.03 and 0.04 jug per hour in the unoperated dogs. During tyramine infusion these values fell to undetectable levels in all experiments.
Discussion
In these studies it has been possible to measure the renal excretion of an administered vasoactive amine, NE, without affecting circulatory hemodynamics by infusing trace quantities of radioactive NE (NE-8H) of a very high specific activity.
Although the excretion of NE-3H represented a small portion of the total radioactivity in the urine, it was possible to measure the NE fraction separately without contamination of the radioactive metabolites. The clearance of NE-3H from the circulating plasma was found to be consistently less than the glomerular filtration rate. Since all of the NE-3H in plasma was found to be ultrafiltrable in vitro and presumably filterable at the glomerulus, this clearance of NE-3H must indicate either net active reabsorption, passive diffu-486 sion back into the blood, or metabolism in the tubular cells. These findings definitely exclude the possibility of net tubular secretion of NE in the dog, a process previously found to be operative for both NE and 5-hydroxytryptamine in the avian species (10, 11) . These findings are in contrast to those previously reported for epinephrine in the dog, in which tubular secretion was demonstrated (24, 25) . However, in these earlier studies clearances of the catecholamine were based on chemical measurement of high blood and urine levels induced by the administration of pharmacologic amounts of epinephrine. Therefore, it is difficult to draw any conclusion about renal clearances of physiologic quantities of such a vasoactive amine. The possibility of interference of tubular transport of NE-3H by creatinine was ruled out by one experiment in which inulin was used to measure glomerular filtration. Similarly, interference by PAH is unlikely since 7 of 13 experiments were performed without it and no differences were found.
Monoamine oxidase has been shown to play an important role in the metabolism of NE (26) . Since Since these studies were carried out with the racemic mixture of NE, the possibility must be considered that the renal excretion of the d species may be less effective than that of the I isomer.
Although the neuronal binding of d-NE is less than that of I-NE (27) and this species is less active at the receptor site (28) , there is no reason to believe that a tubular transport mechanism would be sufficiently specific to differentiate between these two optical isomers. Tubular transport processes have been shown previously to be less specialized and to involve certain organic bases as a class rather than as specific compounds (9) .
Although the excretion of many weak organic acids and bases, such as urobilinogen, indolacetic acid, ammonia, quinine bases, and other similar compounds, has been shown to be affected by changes in the concentration of hydrogen ion in the urine, in the present experiments the excretion of NE-3H was not altered significantly by maximal changes in urine pH. Although a pH dependence was suggested in the studies in which monoamine oxidase was blocked, the effect was minimal and not significant. It appears unlikely, therefore, that the hydrogen ion exerts any major effect on NE excretion. The absence of such an effect may result from the number of hydroxyl groups on the molecule, which would produce a more hydrophilic character in the molecule, thereby minimizing its lipid solubility even in alkaline urine. On the other hand, the excretion of tyramine, a monohydroxy aromatic amine, has been found in other studies to be influenced by urinary pH, but in these experiments actual clearances of tyramine were not determined (29) , and it is not possible to make any inferences about the renal tubular excretion of this amine.
The source of urinary NE has been identified in the present investigation. Previous studies of the excretion of this neurotransmitter hormone have not defined its origin in the body and have assumed that this material is cleared from the blood, having originated from NE secreted by sympathetic nerve endings throughout the body (1). However, the possibility had to be considered that the renal nerves themselves may contribute a significant amount to the urinary NE. Sympathetic nerve fibers have been identified in close approximation to the nephron, and this proximity might permit entry of released NE into tubular urine (30, 31) . In studies of patients with heart failure in which increased excretion of NE has been observed (5, 6), it was possible that the augmented NE in the urine represented principally or solely increased activity of the renal nerves themselves. Indeed, a number of investigators have suggested that an augmentation of sympa-487 thetic activity to the kidney is an important contributing factor to the renal retention of sodium in patients with heart failure (32) (33) (34) . Thus, it was of major concern to define the origin of this catecholamine in urine.
The excretion of endogenous NE from the individual kidneys was virtually identical in all control periods, whether or not renal innervation remained intact. These control observations were carried out in animals in which it was assumed that a basal level of sympathetic activity was present. However, it was impossible to control the degree of reflex activity in these animals, and some variability of this function was manifest among the different animals due to variation in the anesthesia or in the amount of blood loss that had occurred. Increased sympathetic neurotransmitter release was produced by tyramine infusion (35) in order to evaluate the effect of this condition on the excretion of NE. This chemical mode of activation of the sympathetic nerves was utilized since it provides a more reliable and reproducible method than induction of reflex activity in anesthetized animals (36) . Also, sympathetic neurotransmitter release induced by tyramine is more specific than induction of reflex activity since it is not associated with a concomitant augmentation of catecholamine secretion by the adrenal medulla. This statement is supported by the observed decrease in epinephrine excretion in all experiments as well as previous observations of plasma catecholamine concentrations after tyramine administration (37) . The absence of a differential effect on NE excretion for the innervated kidney with either the small or large amount of tyramine suggests that the local renal nerves do not contribute significantly to urinary NE. There- fore, these studies have validated the use of measurements of NE excretion as a method of estimating the rate of secretion of the sympathetic neurotransmitter hormone of the total body. It has been shown that such measurements will not be affected by changes in urine pH and flow or by variation in the level of renal sympathetic activity.
